We have studied the easy-axis reorientation of Ni/Pd multilayer with varying Ar sputtering pressure. All the Ni/Pd multilayers prepared by dc-magnetron sputtering at an Ar sputtering pressure of 2 mTorr show in-plane magnetic anisotropy. However, room-temperature perpendicular magnetic anisotropy was observed in Ni/Pd multilayers prepared at an Ar sputtering pressure of 7 mTorr. To understand the origin of the easy-axis reorientation from in-plane to out-of-plane with varying the sputtering pressure, the magnetoelastic anisotropy was quantitatively determined from delicate in situ stress and ex situ magnetostriction coefficient measurements. We have found that the observed easy-axis reorientation was ascribed to the enhancements of the surface anisotropy as well as the magnetoelastic anisotropy with increasing Ar sputtering pressure.
I. INTRODUCTION
Ultrathin ferromagnetic films have attracted enormous interest in recent years, due to the potential applications in magnetic and magneto-optic storage technology as well as fundamental curiosity for understanding the magnetic phenomena including perpendicular magnetic anisotropy ͑PMA͒.
1,2 Co-or Fe-based multilayers have been extensively investigated for their strong PMA at room temperature and large Kerr effects. Possible explanations for a strong PMA in Co-and Fe-based multilayers [3] [4] [5] [6] [7] [8] [9] include the Néel's surface anisotropy ascribed to the lowered symmetry at an interface 10 and enhanced magnetocrystalline anisotropy due to altered electronic structure 11, 12 in a multilayer. In contrast, most Ni-based multilayers have been reported to show in-plane anisotropy at room temperature. However, very recently, Shin et al. [13] [14] [15] [16] have observed roomtemperature PMA in Ni/Pt, Ni/Pd multilayers and revealed that stress-induced magnetoelastic anisotropy plays a significant role to induce PMA in these systems. In this article, in addition to the magnetoelastic anisotropy, other contributions of the surface, magnetocrystalline, and magnetostatic anisotropies were studied to clarify the origin of easy-axis reorientation in Ni/Pd multilayers with varying the sputtering pressure. Especially, magnetoelastic anisotropy was quantitatively determined by careful in situ stress and ex situ magnetostriction coefficient measurements.
II. EXPERIMENT
Ni/Pd multilayer films were prepared on glass substrates of 4 cm (l)ϫ1.1 cm (w)ϫ130 m ͑t͒ at ambient temperature by sequential dc magnetron sputtering of Ni and Pd at an Ar sputtering pressure of 2 and 7 mTorr. The base pressure was less than 8ϫ10 Ϫ7 Torr. Typical deposition rates, obtained under an applied power of 30 W to each target and a target-to-substrate distance of 75 mm, were 0.5 and 1.2 Å/s for Ni and Pd at 2 mTorr, and 1.0 and 3 Å/s for Ni and Pd at 7 mTorr, respectively. The Ni sublayer thickness t Ni ranges from 5 to 20 Å, but Pd sublayer thickness t Pd of 6 Å and the number of repeats of 30 were maintained to be constant for all samples. The actual bilayer thickness, determined from low-angle x-ray diffractometry, was found to vary within Ϯ5% from the nominal one. The samples will be designated by (t Ni Å Ni/t Pd Å Pd) n , where t Ni is the thickness of Ni sublayer, t Pd is the thickness of Pd sublayer, and n is the number of bilayer repeats.
Stress of Ni/Pd multilayers was measured in situ during the deposition using a home-made optical displacement detector, which was sensitive enough to detect a deflection of substrate caused by a submonolayer deposition of Ni or Pd. Details of the measurement system were described elsewhere. 17 Magnetostriction coefficient was measured using the same optical displacement-detecting system as described above. Ni/Pd multilayer in the cantilever geometry was saturated along the film plane by an applied magnetic field of up to 10 kOe. The microstructure was studied by ex situ cross-sectional high-resolution transmission electron microscope ͑HRTEM͒ and x-ray diffractometry. Crosssectional HRTEM specimens were prepared using mechanical polishing followed by ion milling using a specimen stage cooled by liquid nitrogen. TEM specimens were examined in a JEOL 2000EX electron microscope with a point-point resolution of 0.21 nm, operated at 200 kV.
III. RESULTS AND DISCUSSION
Low-angle x-ray diffraction studies using Cu K␣ radiation revealed that all Ni/Pd multilayer films had peaks characteristic of the multilayer structure. We observed a distinct low-angle x-ray diffraction peak with a narrow full width at half maximum ͑FWHM͒, indicating an existence of the fairly sharp interfaces in our multilayer sample. The HRTEM measurement also confirmed sharp multilayer structure as shown in Fig. 1 . The high-angle x-ray diffraction peak indicates the strong ͑111͒ texture along the growth orientation. a͒ Electronic mail: scshin@sorak.kaist.ac.kr
The torque measurements of Ni/Pd multilayers revealed the easy-axis reorientation in Ni/Pd multilayer with varying the Ar sputtering pressure. All the samples prepared at 2-mTorr Ar pressure had in-plane magnetic anisotropy. However, the samples made at 7-mTorr Ar pressure with Ni thickness less than about 11 Å had perpendicular magnetic anisotropy. A typical torque curve of ͑8 Å Ni/ 6 Å Pd) 30 multilayer prepared at 7 mTorr having PMA is displayed in Fig. 2 , together with a torque curve for a sample of ͑8 Å Ni/6 Å Pd) 30 multilayer prepared at 2 mTorr showing in-plane magnetic anisotropy.
In Fig. 3 we plot the dependence of K u eff t Ni on the Ni sublayer thickness for a series of (t Ni Å Ni/6 Å Pd) 30 multilayers prepared at 2 and 7 mTorr, respectively: one can notice that a linear behavior of K u eff t Ni vs t Ni is clearly evidenced. Thus, the effective anisotropy energy K u eff in Ni/Pd multilayers can be modeled phenomenologically by deconvolution of the thickness-independent volume contribution and the 1/t Ni , dependent interface one: K u eff ϭK v ϩ2K s /t Ni , where K v is the volume anisotropy and K s is the surface anisotropy. The volume anisotropy is generally known to be composed of the magnetoelastic anisotropy K e , the shape anisotropy K d , and the magnetocrystalline anisotropy K c .
To investigate the origins of easy-axis reorientation with varying sputtering pressure observed in Ni/Pd multilayers we have quantitatively determined K d , K s , and K e for a series of (t Ni Å Ni/ 6 Å Pd) 30 multilayers prepared at 2 and 7 mTorr, respectively. To estimate K d the saturation magnetization M s was measured using a vibrating sample magnetometer. It was varied from 486 to 389 emu/cm 3 with increasing the Ni sublayer thickness for the samples made at 2 mTorr and 473 to 375 emu/cm 3 for the 7-mTorr samples. Assuming perfectly flat films the shape anisotropy was estimated to vary from 8.2ϫ10 5 to 13.2ϫ10 5 erg/cm 3 with increasing the Ni sublayer thickness for the samples prepared at 2 mTorr and 8.9ϫ10
5 to 14.8ϫ10 5 erg/cm 3 for the 7-mTorr samples. This shape anisotropy, caused by the magnetic dipolar interaction, energetically favors in-plane magnetization and therefore, it contributes negatively to PMA.
The surface anisotropy estimated from a linear fitting of Fig. 3 was 0.016 erg/cm 2 for the 2-mTorr samples and 0.03 erg/cm 2 for the 7-mTorr samples. The surface anisotropy was increased about 88% with increasing an Ar sputtering pressure. However, the enhancement of the surface anisotropy alone could not explain the observed PMA in Ni/Pd multilayers since the surface anisotropy is not large enough to overcome the negative contribution of the shape anisotropy. To examine the contribution of the magnetoelastic anisotropy, delicate in situ stress and ex situ magnetostriction coefficient measurements have been performed using an ul- 
FIG. 3. Dependence of the effective anisotropy K u
eff t Ni on the Ni sublayer thickness in a series of (t Ni Å Ni/6 Å Pd) 30 multilayers prepared at 2-and 7-mTorr Ar sputtering pressure.
trasensitive optical displacement sensing apparatus. 17 We have observed a tensile stress of 1.0-2.5ϫ10 10 dyne/cm 2 in the Ni layer for the 7-mTorr samples. However, interestingly, stress in 2-mTorr samples varied from tensile (4.3 ϫ10 10 dyne/cm 2 ) to compressive (Ϫ0.2ϫ10 10 dyne/cm 2 ) as the Ni sublayer thickness was increased. However, magnetostriction coefficients were negative in all samples, irrespective of Ar pressure. Magnetostriction coefficient was negatively increased from Ϫ0.7ϫ10 Ϫ5 to Ϫ2.8ϫ10 Ϫ5 with the Ni layer thickness for the 2-mTorr samples and from Ϫ0.7 ϫ10 Ϫ5 to Ϫ2.4ϫ10 Ϫ5 for the 7-mTorr samples. The magnetoelastic anisotropy K e was determined using a relation of K e ϭϪ3/2, where is the magnetostriction coefficient and is the stress in the Ni layer. The estimated magnetoelastic anisotropy varied from 4.6ϫ10 5 3 , since all samples had the strong ͑111͒ texture. It is clear that the magnetocrystalline anisotropy K c does not play a major role to result in PMA in our Ni/Pd multilayers, since K c is a factor of 10 smaller than the values of the other anisotropy contributions.
In Fig. 4 , we plot all anisotropy constituents of K u eff , K d , K e , and 2K s /t Ni as a function of t Ni for the 2-and 7-mTorr samples, together with K c . From this figure, we can see that the samples prepared at a higher Ar sputtering pressure of 7 mTorr have larger surface anisotropies by about a factor of 2 than the samples prepared at a lower sputtering pressure of 2 mTorr. However, it should be noticed that the enhancement of the surface anisotropy alone for the 7-mTorr samples could not sufficiently overcome a negative contribution of the shape anisotropy to yield PMA in these samples. Figure 4 clearly demonstrates that a positive contribution of the magnetoelastic anisotropy, comparable to the surface anisotropy for the 7-mTorr samples, is crucial for the observed PMA in these samples.
